The linear ubiquitin chain assembly complex (LUBAC) regulates NF-B activation by modifying proteins with linear (M1linked) ubiquitination chains. Although LUBAC also regulates the apoptosis pathway, the precise mechanism by which LUBAC regulates apoptosis remains not fully defined. Here, we report that LUBAC-mediated M1-linked ubiquitination of cellular FLICE-like inhibitory protein (cFLIP), an anti-apoptotic molecule, contributes to tumor necrosis factor (TNF) ␣-induced apoptosis. We found that deficiency of RNF31, the catalytic subunit of the LUBAC complex, promoted cFLIP degradation in a proteasome-dependent manner. Moreover, we observed RNF31 directly interact with cFLIP, and LUBAC further conjugated M1-linked ubiquitination chains at Lys-351 and Lys-353 of cFLIP to stabilize cFLIP, thereby protecting cells from TNF␣induced apoptosis. Together, our study identifies a new substrate of LUBAC and reveals a new molecular mechanism through which LUBAC regulates TNF␣-induced apoptosis via M1-linked ubiquitination.
Tumor necrosis factor (TNF) 3 ␣ is a cytokine that plays roles in various cellular processes, such as proliferation, differentiation, and death. It has been reported that it mainly activates two different signaling pathways: nuclear factor (NF)-B activation and cell death (1, 2) . Once TNF␣ binds to its receptor, signaling molecules such as the TNF receptor 1-associated DEATH domain, receptor-interacting serine/threonine-protein kinase 1 (RIPK1), and TNF receptor-associated factors (TRAFs) are recruited and form the receptor-signaling complex. This complex induces the activation of the IB kinase (IKK) complex, which further induces the degradation of inhibitor of B-␣ (IB-␣) and translocation of NF-B transcriptional factors, sequentially (3) . At the same time, RIPK1/FAS-associated death domain (FADD)-caspase 8 complex is assembled to activate apoptosis (4, 5) . When caspase 8 activity is inhibited, RIPK1 can form a complex with RIPK3 to trigger necroptosis (6 -8) .
Because the cell-death process is critical for homeostasis, it is tightly regulated by various inhibitory mechanisms. For example, cellular FLICE-like inhibitory protein (cFLIP) interacts and forms a heterodimer with caspase 8, inhibiting activation of caspase 8 and apoptosis signaling (9) . In addition, B-cell lymphoma 2 (BCL2) family proteins and inhibitor of apoptosis proteins (cIAPs) directly and indirectly suppress caspases activation (10 -12) .
Ubiquitination is a key posttranslational modification (PTM) in TNF␣-induced signaling. For example, Lys-48 -linked ubiquitination regulates degradation of IB␣ (13) and FADD (14) , and Lys-63-linked ubiquitination of NEMO, RIPK1, and TRAFs triggers the functional activation of these molecules (15) , which further recruit downstream molecules. Recently, researchers discovered M1-linked ubiquitination to be a novel type of ubiquitination involved in the TNF␣ signaling pathway, especially NF-B signaling (16) . To date, linear ubiquitin chain assembly complex (LUBAC) was identified as the only ligase complex for M1-linked ubiquitination. LUBAC has three components: RNF31 (also named as HOIP), HOIL-1(also named as HOIL-1L or RBCK1), and Sharpin. In particular, RNF31 has a major role in activation of NF-B signaling by conjugating M1-linked ubiquitination chains with NEMO and RIPK1, whereas HOIL-1 and Sharpin are involved in the functional activation of RNF31 (17) . Genetic studies demonstrated that defects in LUBAC components attenuate TNF␣-induced NF-B activation and gene expression (18 -20) . In addition to TNF␣, LUBAC regulates interleukin-1, CD40-, lymphotoxin ␤-, Toll-like receptor-, T cell receptor-, and nucleotide-binding oligomerization domain containing 2 (NOD2)-mediated cellular events through regulating the NF-B pathway (21) (22) (23) . Recent studies reported M1-linked ubiquitination to have an NF-B-independent function as well (24, 25) . Additionally, biochemical and mouse developmental data have suggested that LUBAC has a role in apoptosis signaling. For example, Sharpin- cro ARTICLE deficient mouse embryonic fibroblasts were highly susceptible to TNF␣-induced cell death (20) , and cell death-dependent skin inflammation was observed in Sharpin-deficient mice (26, 27) . RNF31 or HOIL-1-knockout (KO) mice are embryonic lethal due to massive cell death (28 -30) . However, the exact molecular mechanism of M1-linked ubiquitination in TNF␣-mediated cell death remains largely unknown. Because the deregulation of cell survival and death is the main cause of many diseases such as cancer and autoimmune disease, the clear understanding of cell death regulation is critical for the therapeutic strategies to control these diseases.
In the present study, we determined the molecular mechanism of RNF31 in the regulation of apoptosis pathway. We identified cFLIP as a new substrate of LUBAC, and found that LUBAC conjugates M1-linked ubiquitination to cFLIP, and stabilizes it to protect cells from TNF␣-induced apoptosis. These findings provide molecular insight into the regulatory mechanism of apoptosis by M1-linked ubiquitination, and modulating this mechanism may be a novel therapeutic approach for diseases oriented from deregulation of cell death.
Results

Deficiency of RNF31 promotes cFLIP degradation in TNF␣-induced apoptosis
Previous studies have shown that loss of LUBAC components could promote TNF␣-induced apoptosis (18, 28, 29) . But it is unclear whether LUBAC directly regulates apoptosis. First, we generated stable HeLa cells in which RNF31 was silenced using a short hairpin RNA (shRNA) system and compared them with control HeLa cells. After TNF␣ plus cycloheximide (CHX) stimulation, RNF31-silenced cells were highly sensitive to apoptosis, which were indicated by cleavage of caspase 3/8 and PARP ( Fig. 1A and Fig. S1A ). Smac is a mitochondrial protein that can be released into the cytosol to promote caspase activation in the cytochrome c/Apaf-1/caspase 9 pathway (31). TNF␣ plus Smac mimetics stimulation also triggered more apoptosis in RNF31-silenced cells ( Fig. 1B and Fig. S1B ). To elucidate the molecular mechanism by which RNF31 regulates the apoptosis pathway, we examined the levels of anti-apoptotic molecules in TNF␣-treated HeLa cells. RNF31 silencing did not alter the level of most of anti-apoptotic molecules, including BCL2 fam- 
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ily proteins (BCL xL , BCL2, and NOXA), MCL-1 and cIAP2 (Fig.  1C ), but we found that the level of cFLIP decreased markedly in RNF31-silenced HeLa cells upon treatment with TNF␣ and CHX ( Fig. 1D and Fig. S1C ). To confirm this result, we generated RNF31 knockout cells by CRISPR-Cas9 technique. After TNF␣ and Smac mimetics stimulation, cFLIP also degraded faster in RNF31 knockout cells ( Fig. 1E and Fig. S1D ). Above all, deficiency of RNF31 could promote TNF␣-induced apoptosis and accelerate the degradation of cFLIP.
Decrease of cFLIP in RNF31-deficient cells results from proteasome-dependent manner
To determine whether the rapid decrease of cFLIP in RNF31deficient cells depended on activation of TNF␣ signaling, we treated control and RNF31-silenced HeLa cells with CHX only. We observed a similar pattern of decreased cFLIP in control and RNF31-silenced cells upon CHX treatment ( Fig. 2A) , indicating that loss of RNF31 did not alter the basal turnover rate for cFLIP. Previous studies reported that treatment with the proteasome inhibitor bortezomib reduced the severity of skin problems in Sharpin-deficient mice (32) , suggesting that deficiency of LUBAC could result in degradation of some molecules. cFLIP could be ubiquitinated and led to proteasome-dependent degradation (33, 34) . Furthermore, cFLIP also was identified as a substrate of caspase 8 and can be cleaved by activated caspase 8 during apoptosis (9) . So, we pre-treated HeLa cells with caspase inhibitor Z-VAD-FMK or the proteasome inhibitor MG132 to determine whether the decreased cFLIP resulted from caspase activity or occurred in a degradation-dependent manner. We found that pretreatment with Z-VAD-FMK fully inhibited cleavage of PARP and caspase 8 but only slightly restored the level of cFLIP ( Fig. 2B and Fig. S2A ). However, pre-treatment with MG132 fully blocked the decrease of cFLIP, cleavage of PARP and caspase 8( Fig. 2B and Fig.  S2A ), suggesting that the TNF␣/CHX-induced decrease of cFLIP mainly results from the proteasome-dependent degradation.
To confirm the role of proteasome-mediated degradation in the increased sensitivity of RNF31-silenced cells to apoptosis, we pre-treated control and RNF31-silenced HeLa cells with MG132 and then induced apoptosis with stimulation of TNF␣ plus CHX. Pre-treatment with MG132 completely blocked the decrease of cFLIP in RNF31-silenced cells ( Fig. 2C and Fig.  S2B ), and the apoptosis sensitization in RNF31-silencing cells was also fully blocked ( Fig. 2C) , indicating that the sensitization of RNF31-silencing cells to apoptosis is mainly mediated by a control and RNF31 silenced HeLa cells. B, Western blot analysis of HeLa cells pretreated with different dose of Z-VAD-FMK or MG132 and then stimulated with TNF␣ and CHX (10 ng/ml and 10 g/ml, respectively) for the indicated periods. C, Western blot analysis of control and RNF31-silenced HeLa cells pretreated with MG132 (10 M) for 1.5 h and then stimulated with TNF␣ and CHX (10 ng/ml and 10 g/ml, respectively) for the indicated periods. D, Western blot analysis of control and RNF31-deleted Jurkat cells pretreated with Z-VAD-FMK (10 M) or MG132 (10 M) and then stimulated with TNF␣ and CHX (10 ng/ml and 10 g/ml, respectively) for the indicated periods.
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proteasome-dependent degradation pathway. Moreover, in RNF31 knockout cells, degradation of cFLIP is fully suppressed by MG132 treatment, but not by Z-VAD-FMK treatment ( Fig. 2D and Fig. S2C ). Taken together, these data suggested that deficiency of RNF31 promotes cFLIP degradation in a proteasome-dependent manner.
RNF31 interacts with cFLIP
Next, we examined whether RNF31 have a direct interaction with cFLIP. We expressed Myc-tagged RNF31 together with FLAG-tagged cFLIP in HEK293T cells, and found that RNF31 were co-precipitated with cFLIP ( Fig. 3A and Fig. S2D ). In addition, stimulation of HeLa cells stably expressing FLAG-tagged cFLIP with TNF␣ led to inducible interaction between cFLIP and LUBAC components, including RNF31 and Sharpin (Fig.  3B) . Similarly, TNF␣ induces endogenous interaction between RNF31 and cFLIP ( Fig. 3C ). RNF31 and cFLIP are composed of multiple domains (Fig. 3D ). Therefore, we determined which domains in cFLIP and RNF31 are responsible for their interaction with each other. The domain mapping by expressing fulllength cFLIP together with different RNF31 domains indicated that the RING-IBR-RING (RBR) domain of RNF31 is essential for its binding with cFLIP ( Fig. 3E ). Furthermore, a co-immunoprecipitation experiment with full-length RNF31 and constructs encoding different cFLIP domains demonstrated that death effector domain 1 (DED1) of cFLIP is critical for the interaction between RNF31 and cFLIP ( Fig. 3F ). Taken together, these data suggested that the RBR domain of RNF31 and DED1 domain of cFLIP are responsible for their interaction.
RNF31 regulates cFLIP stability through M1-linked ubiquitination
RNF31 directly interact with cFLIP, indicating that cFLIP may be a substrate of LUBAC components. To test our hypoth- LUBAC directly regulates cFLIP stability esis, we performed an in vitro ubiquitination assay to determine whether cFLIP is a substrate of LUBAC. We incubated recombinant cFLIP with or without recombinant LUBAC, E1, E2, and lysine KO ubiquitin (all lysine residues are mutated to arginine), and then detected M1-linked ubiquitination of cFLIP. The results showed LUBAC conjugates M1-linked ubiquitination chains to cFLIP (Fig. 4A ). However, catalytically dead mutant C885S of RNF31 failed to induce M1-linked ubiquitination chains to cFLIP ( Fig. 4A ), suggesting that the catalytic activity of RNF31 is critical for the M1-linked ubiquitination of cFLIP. Besides, expression of LUBAC promoted M1-linked ubiquitination of cFLIP as well as the known substrate RIPK1 in HEK293T cells (Fig. 4B ). Because cFLIP degrades rapidly in RNF31-deficient cells through a proteasome-dependent manner, we hypothesized that M1-linked ubiquitination stabilizes cFLIP by competing with Lys-48 -linked ubiquitination, thereby suppressing proteasome-mediated degradation of cFLIP. We detected the Lys-48 -linked ubiquitination of cFLIP in control and RNF31-silenced HeLa cells introduced with FLAG-cFLIP, and observed that silencing of RNF31 promoted Lys-48 -linked ubiquitination of cFLIP at the endogenous level upon treatment with TNF␣ and CHX ( Fig. 4C and Fig. S2E ). These results were consistent with the results of MG132 treatment, and suggested that M1-linked ubiquitination of cFLIP can compete with Lys-48 ubiquitination to stabilize cFLIP.
Lys-351 and Lys-353 in cFLIP are the functional sites for M1-linked ubiquitination
To determine which residues in cFLIP are the sites for RNF31-mediated ubiquitination and contribute to the regulation of apoptosis, we performed LC and MS to find the sites of M1-linked ubiquitination on cFLIP by LUBAC (Fig. 5A ). We The recombinant FLAG-cFLIP was incubated as indicated and probed with anti-cFLIP antibody. E1 is UBE1, and E2 is UbcH5c. Long Ex, long exposure time; Short Ex, short exposure time. B, Western blot analysis of immunoprecipitates (IP) from 293T cells transiently transfected with the indicated constructs using anti-FLAG beads. C, Western blot analysis of immunoprecipitates from lysates of control and RNF31-silenced HeLa cells stably expressing FLAG-cFLIP after pretreatment with MG132 followed by treatment with TNF␣ and CHX (20 ng/ml and 10 g/ml, respectively) for 1 h using anti-FLAG beads.
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co-expressed FLAG-tagged cFLIP with LUBAC complex in HEK293T cells, and expression of cFLIP alone as control. Using FLAG antibody-conjugated beads to pull down the cFLIP protein, and then detected ubiquitination sites on cFLIP by mass spectrometry. Finally, six candidate ubiquitination sites that were dependent on the expression of LUBAC were detected (Lys-49, Lys-69, Lys-154, Lys-157, Lys-351, and Lys-353) (Fig.  5A ).
Because the above data suggested that M1-linked ubiquitination of cFLIP can protect cells from TNF␣-induced apoptosis, we hypothesized that mutations of these M1-linked ubiquitination sites on cFLIP should promote TNF␣-induced apoptosis. We replaced those identified lysine residues with arginine (K49R, K69R, K154R, K157R, K351R, K353R) in different combinations, and expressed these cFLIP mutants in cFLIP KO Jurkat cells generated by the CRISPR-Cas9 method (Fig. S3, A-C) . We then monitored the sensitivity of these cells to TNF␣/CHX-induced apoptosis. The results showed that cFLIP KO cells reconstituted with cFLIP-K351R/K353R double mutations were more sensitive to TNF␣/CHX-induced apoptosis than cells reconstituted with other cFLIP mutants, but comparable with cells expressing the cFLIP mutant with all six lysine residues converted to arginine (simplify to K6R) ( Fig. S3D) , indicating that Lys-351 and Lys-353 are the main M1-linked ubiquitination sites contributing to the protection of cells from TNF␣-induced apoptosis. To further determine which M1-linked ubiquitination site in cFLIP is functionally important for preventing TNF␣-induced apoptosis, we generated cFLIP mutants with K351R or K353R alone and expressed these mutants in cFLIP KO cells. We found that cells expressing K351R or K353R enhance both the TNF␣/Smac mimetics and TNF␣/CHX-induced apoptosis compared with WT cFLIP-reconstituted cells (Fig. 5, B and C, and Fig. S3, E and F) . These data indicated that Lys-351 and Lys-353 may play a redundant A, schematic approach to identify M1-linked ubiquitination sites on cFLIP. B, the representative pictures of FACS results. cFLIP KO Jurkat cells were reconstituted with WT and ubiquitination site mutants of cFLIP. After being stimulated with TNF␣/Smac mimetics (20 ng/ml and 5 M, respectively) for 5 h, apoptotic cells were analyzed by the annexin V staining and FACS. K6R refers to K49R/K69R/K154R/K157R/K351R/K353R. C, the statistical results of B, and statistical significance was determined using two-tailed unpaired t test (n ϭ 3, ****, p Ͻ 0.0001). D, Western blot analysis of the indicated proteins in cFLIP-WT and cFLIP-K351R/K353R mutant Jurkat cells after treatment with TNF␣/Smac mimetics (20 ng/ml and 5 M, respectively) for the indicated times. E, Western blot analysis of the cytoplasmic and nuclear proteins in cFLIP-WT and cFLIP-K351R/K353R mutant Jurkat cells after treatment with TNF␣ (20 ng/ml) for the indicated times.
role in protecting cells from TNF␣-induced apoptosis. Consistent with the annexin V staining, we found that more and earlier cleavage of PARP and caspase 8 in cFLIP KO cells reconstituted with K351R/K353R double mutant (Fig. 5D ), and mutated cFLIP also degraded faster than WT cFLIP (Fig. 5D ). Finally, we monitored the NF-B activation in K351R/K353R double-mutated cells. The results showed that K351R/K353R mutation of cFLIP did not affect TNF␣-induced NF-B activation, indicated by phosphorylation of IB␣, degradation of IB␣, and translocated p65 in the nucleus (Fig. 5E ). These results suggested that linear ubiquitination of cFLIP protected the cell from TNF␣-induced apoptosis through a NF-B-independent manner.
To further confirm whether Lys-351 and Lys-353 are the main M1-linked ubiquitination sites of cFLIP, we performed the ubiquitin assay in HEK293T cells. The results also showed that mutation of K351R/K353R significantly blocked M1-linked ubiquitination of cFLIP compared with WT cFLIP (Fig. 6A ). Because we proposed that M1-linked ubiquitination of cFLIP could compete Lys-48 -linked ubiquitination, we detected M1-ubiquitination and Lys-48 -linked ubiquitination of WT and mutated cFLIP in reconstituted Jurkat cells. After TNF␣/CHX treatment, the M1-linked ubiquitination of cFLIP was significantly inhibited in cFLIP-K351R/K353R cells, but Lys-48 -linked ubiquitination was significantly increased (Fig.  6B ). Together, these results indicate that M1-linked ubiquitination of cFLIP on Lys-351 and Lys-353 competes with Lys-48linked ubiquitination, which contributes to protect cells from TNF␣-induced apoptosis (Fig. 7 ).
Discussion
In summary, we found that cFLIP was a new substrate of M1-linked ubiquitination and identified the target sites of this modification, revealing the mechanism of how LUBAC and M1-linked ubiquitination directly regulate apoptosis. Our findings also demonstrated that M1-linked ubiquitination stabi-lizes cFLIP by competing with the Lys-48 ubiquitination chains, suggesting dynamic regulation of posttranslational modifications by M1-linked ubiquitination. The present study provides insight into the role of M1-linked ubiquitination in the apoptosis pathway.
Previous studies suggested that LUBAC regulates the NF-B signaling pathway by conjugating M1-linked ubiquitination chains to NEMO and RIPK1. But NF-B activation was only slightly reduced in LUBAC-deficient mice or cells (18, 19, 28) , indicating that LUBAC may directly regulate cell death upstream of the NF-B signaling through affecting formation of the TNFR1 complex II. Consistently, deficiency of RNF31 led to more complex II formation (28) . Besides, loss of complex II components in mice, including FADD, caspase 8, and cFLIP, could result in embryonic lethality around E10.5 (35) (36) (37) , which were similar to RNF31 or HOIL-1 KO mice. In contrast, deficiency of NF-B activation related molecules results in a much later lethality than RNF31 or HOIL-1 KO mice. For example, IKK␤and IKK␥-deficient mice die around E14.5 (38) , whereas IKK␣-deficient mice die perinatally (39, 40) . In this study, we reveal a new mechanism by which LUBAC directly regulates apoptosis through inducing M1-linked ubiquitination of cFLIP. Our study further supported that LUBAC can be an upstream regulator of cell death. Moreover, another study reported that M1-linked ubiquitination of NEMO and FADD are decreased in apoptosis process (41) , and this may explain the limited function of the cFLIP-K351R/K353R mutant to promote TNF␣-induced apoptosis in our study (Fig.  5, B and D) . Therefore, LUBAC may directly regulate apoptosis by targeting multiple proteins, and our study identifies cFLIP as one of LUBAC targets that contributing to apoptosis process.
cFLIP is an anti-apoptotic molecule that forms a complex with caspase 8 and suppresses its protease activity (9) . cFLIP can be cleaved by activated caspase 8 during apoptosis (9) , and it is also actively modified by posttranslational modifications, 
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such as ubiquitination, which leads to proteasome-dependent degradation. Proteasome inhibitors could protect cells from death receptor-mediated apoptosis via stabilization of cFLIP (42) . Thus far, researchers have identified two different ubiquitination sites, Lys-167 and Lys-192/Lys-195 (33, 34) , which are targets of Lys-48 -linked ubiquitination. Our present results indicated that Lys-351 and Lys-353 in cFLIP are the targeted residues for M1-linked ubiquitination. M1-linked ubiquitination of these residues regulates cFLIP stability by competing with Lys-48-linked ubiquitination. However, we do not know whether both Lys-48-and M1-linked ubiquitination have identical cFLIP sites or which type of modification is more dominant. Furthermore, phosphorylation of cFLIP is a pre-requisite for Lys-48-linked ubiquitination; phosphorylation of threonine 166 is a pre-requisite for the ubiquitination of Lys-167 (34) , and phosphorylation of serine 193 is a pre-requisite for ubiquitination of Lys-192/ Lys-195 (33) . Therefore, phosphorylation of cFLIP may also regulate its M1-linked ubiquitination and stability. Further studies are required to address these questions.
cFLIP is highly expressed in the basal layer of the epidermis, and plays a pivotal role in the epidermis (43) . Mice with conditional deletion of cFLIP in the epidermis display severe skin inflammation originating from TNF␣-mediated keratinocyte apoptosis (44, 45) . Treatment with the proteasome inhibitor bortezomib actually alleviated dermatitis in Sharpin-deficient mice (32) . These studies suggested that degradation of cFLIP is the key process, which could explain the cause of the skin phenotype in Sharpin-deficient mice. Interestingly, our recent findings found that RNF31 KO primary keratinocytes had a lower basal expression level of cFLIP, and cFLIP also degraded faster compared with WT keratinocytes after TNF␣ stimulation (46) . Another study showed that epidermal loss of cFLIP in keratinocytes may be an important prerequisite for the increased caspase 8-mediated epidermal cell death seen in patients with TEN/SJS (44) . Besides, deficiency of LUBAC components results in severe human autoinflammatory diseases (47-49). So, our new findings may be helpful to develop the novel therapeutic approach for related diseases.
Experimental procedures
Cell cultures and transfection
HEK293T and HeLa (American Type Culture Collection) were cultured in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum (FBS), 1% penicillin, and streptomycin. Jurkat cells (American Type Culture Collection) were maintained in RPMI 1640 medium supplemented with 10% FBS and 1% antibiotics. For the induction of apoptosis, cells were starved for 16 h with Dulbecco's modified Eagle's medium and 0.5% FBS before treatment with the indicated inducers. The calcium phosphate transfection method was used for 293T cell transfection in transfection experiments. In these experiments, 293T cells (7.5 ϫ 10 5 ) were plated onto a 6-well plate, and CaCl 2 /Hanks' balanced salt solution/DNA precipitates were added to wells after 16 h (1-4 g of DNA/well). Cells were lysed for further experiments 24 h after transfection. 
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The human TNF␣ recombinant protein RTNFAI was purchased from Thermo Scientific. The de novo protein synthesis inhibitor CHX (ALX-380-269) were purchased from Enzo Life Sciences. Proteasome inhibitor MG132 (S2619) was purchased from Selleck. Pan-caspase inhibitor Z-VAD-FMK (S1748) was purchased from Beyotime Biotechnology.
Antibodies against RNF31 (ab85294) and Sharpin (ab125188) were purchased from Abcam. Antibodies specific for PARP (9542), caspase 3 (9665), caspase 8 (9746), caspase 9 (9508), BclxL (2764), Mcl-1 (5453), Bcl2 (2870), and cFLIP (56343) were obtained from Cell Signaling Technology. Antibodies against cFLIP S/L (SC-5276), actin (sc-8432), ␤-tubulin (sc-5274), Myc (sc-7899), ubiquitin (SC9133), Noxa (sc-30209), and cIAP2 (sc-7944) were obtained from Santa Cruz Biotechnology. FLAG antibody (M20008) and HA antibody (M20003) were purchased from Abmart. An antibody specific for RIPK1 (610459) was obtained from BD Biosciences. A Lys-48 linkagespecific polyubiquitin antibody (05-1307) was purchased from Millipore. An anti-linear polyubiquitin antibody was provided by Genentech.
WT RNF31, HOIL-1, and Sharpin were cloned from Jurkat cDNA. All mutants of RNF31 (including WT, C885S, NT, CT, ⌬RL, RL, and RBR) were generated using PCR with WT cDNA and verified via sequencing. Phosphorylated EF4-FLAG-cFLIP was provided by Dr. Jianke Zhang (Thomas Jefferson University). Mutant constructs were generated using PCR and cloned into pcDNA3.1 plasmid. shRNA clones for human RNF31 and Sharpin were obtained from Open Biosystems through MD Anderson's shRNA and ORFeome Core. The RNF31 clone number was V2LHS_284762 (GACAATAACGTCATGTTTA).
KO of cFLIP and RNF31 using the CRISPR-Cas9 system
Single guide RNAs were designed using CRISPR Design and inserted into a LentiCRISPR vector expressing hSpCas9 and guide RNA. The single guide RNA sequence for human RNF31 was TTGACACCACGCCAGTACCG, and for human cFLIP was ATGAAGGATTACATGGGCCG.
Viral production and infection
A lentiviral supernatant was collected 48 h after co-transfection of pGIPZ (for shRNA) or LentiCRISPR (for the CRISPR system) with packaging plasmids (pCMV-VSV-G and pCMV-dR8.2 dvpr) into HEK293T cells. Plasmids for rescue experiments were transfected into Phoenix cells with pCMV-VSV-G for retroviral production. Viral supernatants were collected after 48 h, and target cells were incubated with the supernatant in the presence of Polybrene for 8 -12 h. After infection with virus, viral supernatants were replaced with fresh medium. After 24 h, infected cells were selected using puromycin (2 ng/ml) or sorted using flow cytometry. The efficiency of the infection was determined using Western blot analysis.
Ubiquitination assay
Twenty-four hours after transfection of FLAG-cFLIP, FLAG-RIPK1, and myc-LUBAC, 293T cells were lysed with 2% SDS lysis buffer (2% SDS, 150 mM NaCl, 10 mM Tris-HCl, pH 8.0) containing 2 mM sodium orthovanadate, 5 mM sodium fluoride, and 1 mM N-ethylmaleimide under denaturing conditions. After 10 min of boiling and sonication, samples were diluted with a dilution buffer (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 2 mM EDTA, 1% Triton) up to 10 times and incubated on ice for 30 min. Lysates were then immunoprecipitated with prewashed anti-FLAG M2 affinity gel (A2220; Sigma). Immunoprecipitates were analyzed using a Western blot assay.
For an in vitro ubiquitination assay, cFLIP-FLAG and LUBAC-FLAG were expressed in 293T cells, and FLAG antibody-conjugated beads were used to pulldown the recombinant cFLIP and LUBAC proteins. The recombinant cFLIP protein (1 g) was incubated with or without lysine KO ubiquitin (500 ng), E1 (200 ng, Boston Biochem), E2 (500 ng, Boston Biochem), or LUBAC proteins (1 g) at 37°C for 2 h in in vitro ubiquitination buffer (20 mM Tris-HCl, pH 7.5, 5 mM MgCl 2 , 0.5 mM DTT, 2 mM ATP). The reaction was stopped by adding 2ϫ loading buffer to the incubation followed by boiling, and the level of ubiquitination was monitored using a Western blot assay.
Western blot analysis
Cells were lysed in lysis buffer (50 mM Hepes, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 1 mM EDTA, 1 mM sodium fluoride, 1 mM phenylmethylsulfonyl fluoride, and a protease inhibitor mixture) (Roche Applied Science). For immunoprecipitation experiments, cell lysates were incubated with anti-FLAG M2 Affinity Gel (A2220; Sigma) overnight at 4°C. The immunoprecipitates were washed with lysis buffer four times and eluted with 2ϫ SDS loading buffer. Cell lysates and immunoprecipitates were then subjected to SDS-PAGE and transferred onto a nitrocellulose membrane (Bio-Rad). The membrane was sequentially probed with primary antibodies and horseradish peroxidaseconjugated secondary antibodies. Enhanced chemiluminescence substrates (Pierce) were used to visualize the specific bands on the membrane. Signals were quantitated using ImageJ (NIH) and plotted relative to control.
Annexin V-staining apoptosis assay
HeLa cells (3 ϫ 10 5 ) were seeded on six-well plates and incubated in starvation medium (0.5% FBS) for 16 h or without starvation. After treatment of the cells with the indicated inducers of apoptosis (TNF-␣ alone or with CHX), suspended cells in the supernatant were collected, and adherent cells on the plates were combined after detaching them using 0.05% trypsin (Sigma). Also, 1 ϫ 10 6 Jurkat cells were stimulated with apoptosis inducers. After washing with PBS, the collected cells were stained with APC Annexin V (550474; BD Biosciences) and analyzed using flow cytometry.
Liquid chromatography-tandem MS
cFLIP immunocomplexes were immunoprecipitated using FLAG antibody beads, and then the immunocomplexes were separated by SDS-PAGE gel. After Coomassie Blue staining, the target gel band was excised and then analyzed by LC-electrospray ionization tandem MS. For LC-MS/MS analysis, peptides were separated by a 120-min gradient elution at a flow rate 0.300 l/min with a Thermo-Dionex Ultimate 3000 HPLC system, which was directly interfaced with a Thermo Orbitrap
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Fusion Lumos mass spectrometer. The analytical column was a homemade fused silica capillary column (75 m inner diameter, 150 mm length; Upchurch, Oak Harbor, WA) packed with C-18 resin (300 A, 5 m; Varian, Lexington, MA). Mobile phase A consisted of 0.1% formic acid, and mobile phase B consisted of 100% acetonitrile and 0.1% formic acid. An LTQ-Orbitrap mass spectrometer was operated in the data-dependent acquisition mode using Xcalibur 4.0.27.10 software and is a single full-scan mass spectrum in the Orbitrap (300 -1500 m/z, 120,000 resolution) followed by 3-s data-dependent MS/MS scans in an Ion Routing Multipole at 30% normalized collision energy (high-energy collision-induced dissociation). MS/MS spectra from each LC-MS/MS run were searched against the cFLIP sequence using the Proteome Discoverer (Version 1.4) searching algorithm. The search criteria were as follows: full tryptic specificity was required; two missed cleavages were allowed; carbamidomethylation was set as fixed modification; oxidation (M) and GlyGly (K) were set as variable modifications; precursor ion mass tolerance was 10 ppm for all MS acquired in the Orbitrap mass analyzer; and fragment ion mass tolerance was 0.02 Da for all MS2 spectra acquired in the Orbitrap. High confidence score filter (FDR Ͻ 1%) was used to select the "hit" peptides and their corresponding MS/MS spectra were manually inspected.
Statistics
All values in this article were given as mean Ϯ S.E., unless stated otherwise. All experiments were reproduced at least three independent times, and results shown are representative. 
